Enteroaggregative Escherichia coli (EAEC) adherence to human intestinal tissue is mediated by aggregative adherence fimbriae (AAF); however, the receptors involved in EAEC adherence remain uncharacterized. Adhesion to extracellular matrix proteins is commonly observed among enteric pathogens, so we addressed the hypothesis that EAEC may bind to extracellular matrix proteins commonly found in the intestine. We found that EAEC prototype strain 042 adhered more abundantly to surfaces that were precoated with the extracellular matrix proteins fibronectin, laminin, and type IV collagen. Differences in fibronectin binding of almost 2 orders of magnitude were observed between EAEC 042 and a mutant in the AAF/II major pilin gene, aafA. Purified AafA, refolded as a donor strand complementation construct, bound fibronectin in a dose-dependent manner. Addition of fibronectin to the apical surfaces of polarized T84 cell monolayers augmented EAEC 042 adherence, and this effect required expression of aafA. Finally, increased bacterial adherence was observed when apical secretion of fibronectin was induced by adenosine in polarized T84 cells. Binding to fibronectin may contribute to colonization of the gastrointestinal tract by EAEC.
Enteroaggregative Escherichia coli (EAEC) has been associated with acute diarrheal illness in diverse populations in both developing and industrialized regions (13) . The pathogen is defined by its distinctive "stacked-brick" aggregative adherence pattern to semiconfluent HEp-2 cells, including adherence to the cells, other bacteria, and the supporting abiotic substratum (19) . The pathogenesis of EAEC diarrhea is thought to comprise colonization of the intestinal mucosa, followed by elaboration of enterotoxins and cytotoxins and release of proinflammatory cytokines from infected epithelial cells (10) . Clinically, EAEC infection produces watery diarrhea, occasionally with blood and mucus, and patients typically manifest mild intestinal inflammation (30) .
Colonization of the gastrointestinal tract by diarrheagenic E. coli is mediated by fimbrial or afimbrial adhesins (31) . The principal adhesins for EAEC are the four types of aggregative adherence fimbriae (AAFs), all encoded by 55-to 65-MDa plasmids (designated pAA) (3, 5, 6, 21) . The biogenesis of AAFs employs the chaperone-usher pathway, and the organization of AAF-encoding genes is similar to those of the Afa/Dr family of E. coli adhesins; this organization comprises, in order, chaperone, usher, minor pilin subunit, and major pilin subunit (26) . The Afa/Dr adhesins bind to several receptors, including decay-accelerating factor (DAF), as well as extracellular matrix (ECM) proteins, particularly type IV collagen (35) .
For prototype EAEC strain 042, adherence to cells and abiotic surfaces requires the AAF pilus variant called AAF/ II. The AAF/II organelle comprises two structural subunits: the major subunit, AafA, and the minor subunit, AafB, which is hypothesized but not proven to be located at the pilus tip. AafA is required for adhesion to epithelial cell monolayers, whereas AafB has been associated with the release of cytokines (6, 9, 11) . Even though AAF subunits are phylogenetically related to those of the Afa/Dr family, they have not been shown to bind to DAF or, as yet, any other mucosal receptor.
The ECM harbors a diverse set of proteins that function as a barrier and support for epithelial cells and that are responsible for the development, growth, and maintenance of mammalian tissues (4) . The composition of the ECM differs among various organs, but fibronectin (Fn), collagen types I to XV, laminin, and glycosaminoglycans, such heparan sulfate and chondroitin sulfate, are common constituents (8) . Fn is a glycoprotein composed of two nearly identical 220-kDa disulfide-linked protein subunits and comprises several structurally distinct domains that can bind to cellular constituents, including fibrin, collagens, DNA, gelatin, integrins, heparin, and heparan sulfate (23) . Fn and other ECM proteins are commonly recognized by bacterial adhesins (15, 33) , and Fn was the first ECM protein shown to act as a receptor for bacterial adherence to eukaryotic cells (17) . Although ECM proteins are generally localized to the basement membrane, interaction with bacterial enteric pathogens can occur during inflammation or opening of tight junctions (32) . Thereupon, binding to ECM proteins may facilitate colonization, invasion, and/or signaling by intestinal pathogens (7, 16, 33) .
In this study, we investigated whether prototype EAEC strain 042 binds ECM components. We observed binding of EAEC to Fn and several other constituents of the ECM. We also report that the presence of Fn augments EAEC adherence to polarized cells in culture, providing a plausible mechanism for the adherence of EAEC in an intestinal biofilm.
MATERIALS AND METHODS
Bacterial strains and reagents. Prototype EAEC strain 042 (O44:H18) was originally isolated from a child with diarrhea in Lima, Peru. Strains 042 aafA and 042 aafB are EAEC 042 isogenic mutants harboring an insertion of TnphoA into the aafA gene or suicide plasmid pJP5603 into the aafB gene, respectively (6, 9) . All bacteria were grown under static conditions overnight in Luria-Bertani (LB) broth with the addition of streptomycin (100 g/ml) and kanamycin (50 g/ml) to maintain plasmids when appropriate.
Solid-phase binding assay. Microtiter plates (Thermo Labsystems, Franklin, MA) were coated with a solution of 25 g/ml of protein in 100 mM Tris-HCl buffer, pH 8.0, overnight at 4°C. Unbound protein was removed by washing the plates eight times with phosphate-buffered saline (PBS) containing 0.05% Tween and was subsequently blocked with 3% bovine serum albumin (BSA) in PBS for 1 h at room temperature. The blocking buffer was removed, and the wells were washed five times prior to the addition of the bacteria in a 100-l final volume. Incubation with the bacteria was performed for 3 h at 37°C. The plates were washed, rabbit anti-O44 serum (Denka Seiken Co., Ltd, Tokyo, Japan) diluted 1:200 was added to the wells, and the mixtures were incubated for 2 h at room temperature. Anti-rabbit horseradish peroxidase conjugate (KPL, Gaithersburg, MD) was added following another wash step with PBS containing 0.05% Tween. The peroxidase activity associated with each well was detected by the addition of TMB substrate solution (KPL). Optical densities were read at 450 nm with a 96-well plate reader (Thermo Labsystems). To analyze binding data, the background absorbance from wells to which bacteria were not added was subtracted from the absorbance in the test wells. For AafA dsc (donor strand-complemented AafA) binding, 10 g/ml of Aaf dsc protein was added to ECM protein-coated wells and incubated for 3 h at room temperature; anti-AafA antiserum raised in rabbits (diluted 1:2,000) was used to detect the bound protein. Fn (from human plasma), laminin (Engelbreth-Holm-Swarm murine sarcoma), type IV collagen (human placenta), type I collagen (calf skin), and BSA were purchased from Sigma (St. Louis, MO). Deglycosylation of nondenatured Fn was carried out by digestion at 37°C for 4 days with N-glycosidase F, endo-␣-N-acetylgalactosaminidase, ␣2-3,6,8,9-neuraminidase, ␤1,4-galactosidase, and ␤-N-acetylglucosaminidase according to the manufacturer's protocols (Calbiochem, San Diego, CA).
AafA dsc purification. Monomeric AafA dsc protein was constructed via the donor-strand complementation (dsc) method as previously described (2) . The folding and structural characterization of AafA dsc will be described elsewhere. Briefly, an autonomously folding monomeric form of AafA was engineered by deleting the N-terminal donor strand and fusing it to the C terminus, preceded by a 4-residue turn. A synthetic gene encoding this AafA dsc construct was subcloned into the pRSET vector (Invitrogen, Carlsbad, CA) for expression in BL21(DE3) cells and induced with isopropyl-␤-D-thiogalactopyranoside (IPTG). Cell pellets were lysed in 20 mM sodium phosphate buffer, pH 7.6, containing 8 M urea, 500 mM NaCl, and 5 mM Tris and purified on Co 2ϩ -nitrilotriacetic acid resin. The urea was removed by a linear gradient, and the protein was eluted in buffer containing 20 mM sodium acetate, pH 4.0, with 500 mM NaCl. The soluble but unfolded protein was dialyzed in the presence of dithiothreitol and then in its absence to allow correct refolding prior to the formation of disulfide bonds. The purified, folded AafA dsc was concentrated by polyethylene glycol dialysis.
Quantification of bacterial binding. The wells of microtiter plates coated with ECM proteins were incubated with 1 ml Dulbecco's modified Eagle's medium (DMEM)/0.5% glucose medium containing ϳ1 ϫ 10 8 bacteria at 37°C for 4 h. After the wells were washed with PBS, the bacterial cells that adhered to the wells were collected by scraping them into PBS with 0.1% (vol/vol) Triton X-100; serial dilutions were plated onto LB agar plates supplemented with streptomycin. The number of adherent bacteria was determined by counting the resulting colonies in duplicate.
Polarized T84 adherence assays. The T84 adherence assay was performed with T84 cells cultivated to polarization on 12-well polycarbonate Transwell filters with 0.4-m pores (Corning, Acton, MA) as previously described (11) . Prior to bacterial inoculation, monolayers were incubated with DMEM-F12 medium plus 1% methyl-␣-D-mannopyranoside for 30 min. Medium was aspirated from the apical compartment, and 100 l containing ϳ1 ϫ 10 8 CFU/ml bacteria was added to the monolayer. The plates were incubated at 37°C in 5% CO 2 for 3 h and then washed five times with PBS. The cells were lysed with a solution of 1% (vol/vol) Triton X-100, and serial dilutions of the lysates were plated on LB agar plates supplemented with streptomycin. The number of adherent bacteria was determined by counting the resulting colonies in duplicate. Apical secretion of Fn was stimulated with adenosine (100 M; Calbiochem) for 24 h prior to bacterial inoculation as described previously (32) .
Immunofluorescence. Glass coverslips in 24-well plates were coated with Fn as described above. After being washed with PBS, 1 ml of DMEM/0.5% glucose containing ϳ1 ϫ 10 8 bacteria (EAEC 042 and its aafA mutant) was added, and the plate was incubated at 37°C for 4 h. Samples were fixed with paraformaldehyde and double stained with rabbit O44 antiserum and mouse anti-Fn antiserum. Samples were incubated with goat anti-rabbit Alexafluor 488 and goat anti-mouse Alexafluor 568 (Invitrogen), respectively, and then analyzed by confocal microscopy.
Pull-down analysis. Strain 042 and its aafA mutant were grown in DMEM/ 0.5% glucose, and approximately 1 ϫ 10 8 bacteria were collected by centrifugation and washed twice in 0.5 ml of PBS. Nonspecific binding sites were blocked in 0.5 ml PBS containing 3% BSA for 1 h at room temperature. The cells were collected again by centrifugation, resuspended in a solution of 100-g/ml Fn, and incubated for 3 h at room temperature on a tabletop rotator. Unbound Fn was removed by washing the cells five times in PBS. Cell-associated Fn was detected by separation of whole-cell lysates on 10% sodium dodecyl sulfatepolyacrylamide gels, followed by staining them with Coomassie blue (BioRad, Hercules, CA).
Statistical analysis. Statistical significance between means was analyzed using the unpaired Student's t test with a threshold P value of Ͻ0.05. Values are expressed as the means Ϯ the standard errors of the mean of three experiments.
RESULTS
EAEC 042 binds to Fn, laminin, and type IV collagen. We examined the ability of EAEC 042 to adhere to the major ECM proteins present in the intestinal tract. EAEC 042 was added to 96-well plates previously coated with either Fn, collagen I, collagen IV, laminin, or BSA (employed as a negative control). After 4 h of incubation at 37°C, the wells were washed, and retained bacteria were detected by enzyme-linked immunosorbent assay (ELISA) using a commercial antiserum against the bacterial O antigen (serogroup O44). Compared with BSA, several ECM proteins increased binding of EAEC 042 (Fig. 1) ; they included Fn, laminin, and type IV collagen. In contrast, binding to type I collagen was similar to that observed in wells coated with BSA.
The major subunit of AAF/II fimbriae is required for Fn binding. We sought to identify the adherence factor(s) mediating binding of EAEC 042 to ECM proteins. We focused on the major mucosal adhesin of EAEC 042, AAF/II fimbriae. We quantified the adherence of EAEC 042 mutants in the AafA or AafB subunits. 042 aafB exhibited binding to Fn ( Fig. 2A) , laminin, and type IV collagen similar to that of its wild-type parent (data not shown). In contrast, the aafA mutant bound less to Fn, laminin, and type IV collagen by approximately 2 (Fig. 2B) . The effect was not observed for BSA-coated wells. These observations were confirmed by fluorescence microscopy of fixed samples double stained with anti-O44 antiserum and anti-Fn antibodies (Fig. 2C) . We also tested the ability of anti-AafA antiserum to inhibit Fn binding. EAEC 042 was preincubated with mouse antiserum raised against the purified AafA protein, and bacteria were added to Fn-coated wells. Bacterial binding was significantly reduced when the bacteria were preincubated with antiAafA antiserum compared with preimmune mouse serum (data not shown).
We utilized a pull-down method to confirm the binding of AAF/II to Fn. Cultures of EAEC 042 or 042 aafA grown under AAF-inducing conditions were incubated with Fn and washed extensively, and then bacteria were pelleted by centrifugation. Lysis of the bacterial cells and subsequent sodium dodecyl sulfate-polyacrylamide gel electrophoresis analyses revealed that only the wild-type bacteria bound Fn (Fig. 2D) .
Taken together, these results implicate the AAF/II major subunit in Fn binding of EAEC 042.
Recombinant AafA dsc protein binds to Fn. To demonstrate direct binding of the AafA major fimbrial subunit protein to ECM proteins, we purified and refolded the AafA protein using the dsc method (2). Proton ( 1 H) nuclear magnetic resonance spectra displayed characteristics of a well-folded and rapidly tumbling (monomeric) protein, with amide line widths of approximately 30 Hz and chemical shift dispersion from 5.9 to 10.2 ppm (data not shown). The solution structure of AafA dsc will be published elsewhere. The purified and refolded protein was added to 96-well plates precoated with Fn, collagen I, collagen IV, laminin, or BSA (negative control), and the binding to these ECM proteins was assayed by ELISA using a rabbit antiserum raised against AafA dsc . Binding to Fn, laminin, and type IV collagen was significantly greater than that to type I collagen or BSA (Fig. 3A) ; this binding was blocked by preincubation of the AafA dsc protein with mouse anti-AafA (data not shown). When increasing concentrations of AafA dsc protein were added to ECM protein-coated wells, dose-dependent binding to Fn, laminin, and type IV collagen compared to BSA was observed (Fig. 3B) . In the converse experiment, AafA dsc binding to 96-well plates coated with serial dilutions of ECM proteins also showed dose-dependent binding (Fig. 3C) .
Considering that Fn is a glycoprotein and that carbohydrate residues have been shown to be involved in fimbrial binding to Fn (24), we addressed the possible involvement of Fn glycans in AafA dsc binding. Deglycosylation of O-linked and N-linked Fn oligosaccharides conferred a significant reduction in AafA dsc binding compared to untreated Fn (Fig. 4D) .
Enhanced secretion of Fn increases EAEC binding to polarized T84 cells. We asked whether Fn could enhance the ad- herence of EAEC to polarized intestinal-cell monolayers. We have previously described the polarized human intestinal epithelial T84 cell line as a model for EAEC adherence, mucosal toxicity, and inflammation (20) . To test whether Fn would increase the number of bacteria adhering to confluent polarized T84 monolayers, we incubated T84 cells with 5 g/ml Fn before EAEC infection. Addition of Fn significantly increased EAEC binding to the T84 monolayers (Fig. 4A ). In the converse experiment, EAEC 042 or its aafA mutant were preincubated with 100 g/ml Fn in PBS or PBS alone for 3 h at room temperature. The bacteria were extensively washed and then applied to the monolayers. Pretreatment with Fn increased adherence compared with binding of EAEC 042 incubated only with PBS (Fig. 4B) (32) . To test whether Fn secretion from the apical surface at physiological concentrations would increase binding of EAEC, polarized T84 monolayers were incubated with medium or medium plus adenosine applied either apically or basolaterally for a period of 24 h. After this time, the monolayer was infected with EAEC 042 for 3 h, and adherent bacteria were enumerated. A significant increase in the number of adherent bacteria was found in cells incubated with adenosine when the latter was applied either apically or basolaterally compared with cells incubated with medium only (Fig.  5A) . Adenosine had no effect on adherence by 042 aafA (data not shown). To prove that the increased EAEC adhesion to polarized T84 cells was due specifically to Fn secretion induced by adenosine, the infection was carried out in the presence of anti-Fn antibodies. Under these conditions, the number of adherent bacteria was significantly reduced compared to that found in the absence of anti-Fn antibodies (Fig. 5B) . 
DISCUSSION
Adherence to the intestinal mucosa is a key feature of EAEC infection. This adherence requires the AAF adhesins, which are expressed by the majority of EAEC strains. Though several studies support a role for AAF in EAEC pathogenesis, the cellular receptors for these fimbrial structures are unknown. Our data suggest that ECM proteins may be receptors for EAEC. Prototype EAEC strain 042 binds to several major ECM proteins present in the intestinal epithelium, such as Fn, laminin, and type IV collagen (Fig. 1) ; this binding is mediated by the major subunit of AAF/II, the AafA protein (Fig. 2) .
We focused on binding to Fn, recognizing that several other bacterial adhesins bind to this ECM protein (14, 18, 33) . Fn is a glycoprotein that contains 4 to 9% carbohydrate, and glycosylation is either N linked or O linked (23) . While it stabilizes Fn against hydrolysis, glycosylation may also make Fn more vulnerable to fimbria-mediated bacterial binding (24) . Deglycosylation of Fn resulted in significant reduction in AafA dsc binding (Fig. 3D) , implicating Fn oligosaccharides in AAF/II binding.
To assess the role of Fn at an epithelial surface, we employed the polarized T84 monolayer model. This model recapitulates several steps potentially relevant to pathogenesis, including adherence, mucosal toxicity, and inflammation (20) . Addition of Fn to the apical sides of polarized T84 cells augmented bacterial adherence, and this effect was shown to require AafA (Fig. 4) . Interestingly, transmission electron microscopy of polarized T84 cells infected with EAEC 042 in a prior work suggested that the bacteria do not adhere intimately to the monolayer but may remain anchored at distances of up to 1 m (20). Thus, Fn, and possibly other secreted ECM proteins, could serve to anchor the bacterial biofilm to the mucosal surface. This was proposed previously for Campy- lobacter jejuni, which binds Fn via the CadF protein (18) . We also note that other E. coli fimbriae have been implicated in ECM binding, including P fimbriae, S fimbriae, and type I fimbriae (24, 29, 34) .
Fn binding could play a fundamental role in pathogenesis, perhaps beyond simple adherence. Fn has been demonstrated to be important in both adhesion and invasion by gram-positive pathogenic cocci (22) . These biological effects could involve the major Fn receptor ␣ 5 ␤ 1 integrin, which modulates intracellular integrin-mediated signal transduction pathways (27) . In Staphylococcus aureus, the engagement of integrin ␣ 5 ␤ 1 by the bacteria induces the formation of fibrillar-adhesion-like protein complexes at the site of bacterial attachment (1). These events lead to activation of signal transduction pathways, which direct internalization of the bacteria by the host cells (12) . We have not observed internalization of EAEC by T84 monolayers at the 3-h time point, but the role of Fn binding in cell signaling deserves further investigation.
Fn and other ECM proteins are generally localized to the epithelial basement membrane, where they are not available for interaction with luminal bacteria. However, previous reports suggested that adenosine, a product of neutrophil-derived 5Ј AMP, which is actively secreted during intestinal inflammation, is a potent inducer of apical Fn secretion in the polarized T84 cell model (28, 32) . We found increased EAEC 042 adhesion to polarized T84 cells incubated with adenosine compared with untreated cells (Fig. 5A) . The binding observed after adenosine incubation was due, at least in part, to apical secretion of Fn, because anti-Fn antibodies reduced cell binding to levels observed on untreated cells (Fig. 5B) ; however, the participation of other apically secreted factors by adenosine cannot be ruled out.
EAEC has been shown to cause inflammatory enteritis in infected patients, and we have reported that strain 042 induces the release of proinflammatory cytokines from polarized T84 monolayers (11) . The inflammatory process can trigger signal transduction cascades that induce apical secretion or relocation of Fn. This hypothesis is supported by the observation of induced Fn secretion in intestinal biopsy specimens obtained from patients with Crohn's disease (14) . In these biopsy specimens, Enterococcus faecalis attachment was increased in the presence of increased Fn secretion (14) . By inducing an inflammatory response, EAEC may be creating an environment promoting further colonization and more severe infection. The release of Fn as a possible consequence of EAEC infection deserves further attention.
Our results also showed that EAEC binds to laminin and type IV collagen in an AAF/II-dependent manner. Previous studies demonstrated that a member of the Afa/Dr adhesin family, Dr adhesin, binds to type IV collagen and that this binding is mediated by the major adhesin subunit, DraE (25) . Such binding may be an essential step for establishing chronic renal infection by Dr ϩ uropathogenic E. coli strains (25) . Mutation analyses showed that replacement of a single amino acid at position 113 of the DraE subunit results in loss of type IV collagen binding. Also, inhibition of binding to type IV collagen was observed when the Dr adhesin was incubated with chloramphenicol (25) . However, we found that AafA binding to type IV collagen is not affected by chloramphenicol (data not shown), indicating that the binding to this ECM protein may be different from that induced by the Dr adhesins. Elucidation of the solution structure of AafA dsc will facilitate the identification of regions involved in adherence to ECM proteins.
Our studies provide new insights into the adhesion and pathogenesis of EAEC. However, several steps are not yet clarified. Our data suggest that Fn could anchor the growing EAEC biofilm to the intestinal surface through the AAF/II fimbriae, an event that may activate signaling pathways in the host epithelium. Further studies are under way to elucidate the potential roles of ECM proteins in EAEC pathogenesis.
